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Abstract 

We investigate the physics of the microwave response in YBa2Cu307_5, 
SmBa2Cu307_5 and MgB2 in the vortex state. We first recall the theo- 
retical basics of vortex-state microwave response in the London limit. We 
then present a wide set of measurements of the field, temperature, and fre- 
quency dependences of the vortex state microwave complex resistivity in 
superconducting thin films, measured by a resonant cavity and by swept- 
frequency Corbino disk. The combination of these techniques allows for a 
comprehensive description of the microwave response in the vortex state in 
these innovative superconductors. In all materials investigated we show that 
flux motion alone cannot take into account all the observed experimental fea- 
tures, neither in the frequency nor in the field dependence. The discrepancy 
can be resolved by considering the (usually neglected) contribution of quasi- 
particles to the response in the vortex state. The peculiar, albeit different, 
physics of the superconducting materials here considered, namely two-band 
superconductivity in MgB2 and superconducting gap with lines of nodes in 
cuprates, give rise to a substantially increased contribution of quasiparticles 
to the field-dependent microwave response. With careful combined analysis 
of the data it is possible to extract or infer many interesting quantities re- 
lated to the vortex state, such as the temperature-dependent characteristic 
vortex frequency and vortex viscosity, the field dependence of the quasipar- 
ticle density, the temperature dependence of the fi-band superfiuid density 
in MgB2 

Keywords: superconductivity, surface impedance, microwaves, vortex mo- 
tion, cuprates, YBa2Cu307_5, SmBa2Cu307_5, MgB2, vortex viscosity. 

1.1 INTRODUCTION 

One of the most versatile experimental methods for the investigation of the 
physics of superconductors is the measurement of the complex response to 
an alternating electromagnetic (e.m.) field in the radiofrequency (r/) and 
microwave ranges. The resulting data have been of great help in the under- 
standing of the physics of conventional superconductors. Even confining the 
treatment to the linear response, in conventional superconductors microwave 
or rf measurements allowed, e.g., for the determination of the existence ^ 
and temperature dependence of the superconducting gap, for the settling 
of the kind of dynamical fiuctuations jHl S , for the determination of the 
penetration depth [HI 13 El j for the determination of the thermodynamical 
critical field and of the third critical field for surface superconductivity [Oj, 
and for the determination of the upper critical field |lUj . 

In type-II superconductors the investigation was extended to the mixed 
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state: when the magnetic field Hd < H < Hc2, with Hd and Hc2 the tem- 
perature dependent lower and upper critical field, respectively, the magnetic 
flux penetrates the superconductor as quantized flux lines, each carrying one 
flux quantum $o =2.07x10"^^ T-m^. Such flux lines, in presence of an elec- 
tric current density J, are subjected to a Lorentz force (per unit length) 
Fl = J X $0 (where $o 1 1 B). Moving vortices dissipate energy, so that 
an ideal type-II superconductor always has a finite resistivity in the vortex 
state. Dissipation can be viewed either as due to the continuous conversion 
of Cooper pairs into quasiparticles at the (moving) vortex boundary or 
to Joule heating inside of the vortex core ^1 E]- In s^ny case, the dissi- 
pation is expected to depend mainly on the fundamental properties of the 
superconductors, such as the quasiparticle density of states and relaxation 
time in the vortex core, and thus it is expected to be very similar in different 
samples of the same material. 

A dissipationless regime can be achieved in dc by pinning vortices to 
defects P^4,. .15. .16) . When the force acting on vortices is alternating, pinning 
determines an additional imaginary (out-of-phase) response. As opposed to 
energy dissipation, the particular pinning mechanism and its efficacy are 
expected to be strongly sample dependent. 

To take into account the energy dissipation and the effects of pinning a 
simple way is to build up an equation of motion for a single vortex. In a 
simple model, independently pinned vortices are considered and the equation 
of motion for the displacement u from the equilibrium position is written 
in the elastic approximation^: r]u + KpU = Fl, where rj is the so-called 
vortex viscosity (per vortex unit length) and takes into account the energy 
dissipation, and Hp is the pinning constant (per vortex unit length) and takes 
into account the pinning of vortices. This simple equation of motion gives 
rise to a complex vortex motion resistivity due to an alternating current 
density Je"^*, with u = ui /27r the measuring frequency, that can be written 
as [22]: 

^oB 1 1 
PvGR = —— _ ■ Kp = Pff i_-^^ (1-1) 

where the last equality defines the so-called flux- flow resistivity, pfj, and the 
depinning frequency (sometimes called "pinning frequency") Up = ujp/27r. 
Referring to the physical meaning of the vortex parameters, rj is expected to 
be a very similar, if not universal, function of the external parameters (e.g., 
the temperature) in different samples of the same material: it is a quantity 
related to the fundamentals of the physics of type-II superconductors. In 
particular, it was demonstrated by Bardeen and Stephen (BS) [TH* that. 



^The vortex mass is usually neglected |17l I18| . even if this is still a debated topic 

[inmnni]. 
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Figure 1.1: Normalized dissipated power in type-II superconductors at H = 
\Hc2 as a function of the measuring frequency normalized to Up (replotted 
from |22|) and fit by Eq.((IITl). Vp = 3.9, 5.1, 15 MHz 



in dirty superconductors, rj = ^QBc2/pn, where pn is the normal state dc 
resistivity and Bc2 is the upper critical field. 

In deep contrast, one expects largely different magnitudes, temperature 
and magnetic field dependence for Kp (or ujp) in different samples even of 
the same material, being the pinning constant related to extrinsic properties. 
Its study can, on one side, shed light on the characteristic features of the 
vortex matter, and on the other side can be of essential importance for the 
applications of superconductors f2J El Ej ■ 

The applicability of Eq. ()1.1() was first brought to the attention of the sci- 
entific community with the seminal paper by Gittleman and Rosenblum |22j : 
as shown in Fig ll.ll the data for the dissipated power (oc Relp^cR]) in thin 
superconducting films followed very closely Eq. (|l.H) over several orders of 
magnitude for the measuring frequency. The success of this extremely simple 
model determined its assumption for the interpretation of the data taken in 
high-Tc superconductors (HTCS). Many studies were carried out in HTCS, 
aimed at the determination of the vortex viscosity and pinning constant 
through measurements of the radiofrequency, microwave or millimeter-wave 

response IsSllSllESlEniEZllMllMllSnilHllEaESlI^ 

1121 lini 1^ • III particular, in the most studied compound YBa2Cu307_5 
(YBCO), it was found that the depinning frequency was located in the GHz 
range, thus making microwave techniques the ideal candidate method for the 
experimental investigation of the vortex motion. However, even after many 
years from the discovery of YBCO, the values given for vortex parameters 
as determined by microwave measurements (see p5| for a clear overview) 
presented a very puzzling framework. As reported in Figs ll.2l and ll..Sl with 
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Figure 1.2: Pinning constant Kp for many different YBCO samples: j23| . 
crosses; [2H1, red full dots; jSOj, open circles; [33 1 diamonds; [321, open 
squares; (31], triangles. Data replotted from original papers. A remarkable 
collapse of the data on a single curve is evident. 
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data replotted from original papers [SHlEaEHlEniETlESlESllHl cited in 
|35j . it was shown that while data for Kp taken on different samples (c-axis 
and mixed a- and c- axis films from various sources, single crystals) lie all 
together on the same curve, the vortex viscosity presented a wide scattering 
of the data. As discussed above, due to the meaning of the vortex parame- 
ters this finding is not easily explained: one would rather expect, for a given 
material, a universal behavior for r] and a sample-dependent kp. 

Similar oddities were systematically evident also in different frequency 
ranges in various HTCS. Sub-THz measurements of the vortex-state mi- 
crowave resistivity of thin YBCO films [331 showed that vortex parameters 
obtained from conventional, vortex-motion-driven response, were in strong 
contrast with calculations of the same parameters from microscopic theories. 
Again, the pinning constant was found nearly sample- independent. The ap- 
parent vortex viscosity would differ from the microscopic calculation by more 
than an order of magnitude. An alternative analysis of the data 45^ sug- 
gested that it was not possible to ignore, in the interpretation of the data, the 
effect of field- induced pair breaking. Accordingly to that picture, data of the 
imaginary conductivity in the same frequency range in Bi2Sr2CaCu208+x 
(BSCCO) films in the vortex state UHl could be accounted for even with- 
out resorting to any vortex motion model, being the field-induced superfluid 
density suppression sufficient for a quantitative description. 

Summarizing, it was clear that Ea. Hl.l|) did not provide a comprehen- 
sive explanation of the vortex state microwave response in HTCS. Even if 
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Figure 1.3: Vortex viscosity t] for many different YBCO samples: j27j . down 
triangles; |2H|, red full dots; jHOl) open circles; [Hll, diamonds: [3^. crosses; 
P^ . open squares; triangles. Data replotted from original papers. A 
remarkable spread of the data is evident. 



much more complicated (and probably more realistic) vortex models could 
be invoked |^|3H|) additional mechanisms had to be investigated. 

Granularity has been sometimes indicated as a possible dominant source 
for the losses in the microwave response in superconducting films. Manifesta- 
tions of granularity include weak- links dephasing [3^1 ISOl 1^ ISH ISSl ISS US] ) 
Josephson fluxon (JF) dynamics [HE] and, as recently studied, Abrikosov- 
Josephson fluxon (AJF) dynamics j571 158j . Weak-links dephasing is chara- 
terized by a very sharp increase of the dissipation at dc fields of order of, 
or less than, 20 mT, accompanied by a strong (and sometimes exception- 
ally strong) hysteresis with increasing or decreasing field |M1 EOl 1^ E2j • 
However, those effects are relevant in large-angle grain boundaries (or very 
weak links), such as those found in pellets and granular samples, and are 
not observed in good thin films. Josephson fluxon dynamics has been stud- 
ied essentially in relation to nonlinear effects |591 l6Uj , due to the short JF 
nucleation time. One of the characteristic features of AJF should be a 
rather pronounced sample dependence (defect-driven) of the microwave re- 
sponse, as in fact reported in Tl-2212 films jHJ- This fact contrasts with 
the pseudo- universal behavior of the estimated Kp, even if contributions from 
AJF cannot in general be excluded a priori. 

Another intrinsic, unavoidable source for the measured microwave resis- 
tivity is obviously the conductivity due to charge carriers, that we write in 
terms of the so-called "two-fluid model" ^]: charge carriers are thought 
as given by a superconducting fraction Xg and a "normal" fraction (more 
appropriately, due to quasiparticle excitations) Xn- When the measuring 
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frequency is much smaller than the quasiparticle relaxation rate this leads 
to the well-known dependence of the charge carriers conductivity at nonzero 
frequency: 

ne^ 1/2 1 \ 
a = (Ji - ifT2 = {ujTgpXn - ixs) = i-r^ (1.2) 

where n is the charge carrier density, m is the carrier effective mass, Tgp is 
the quasiparticle scattering time, and the last equality defines the temper- 
ature, field and frequency dependent normal fluid skin depth 5nf and the 
temperature and field dependent London penetration depth A. How this 
charge carriers conductivity combines with the vortex motion resistivity is 
discussed in Section [T31 

It should be mentioned that measurements of cji and o"2 in zero applied 
field have been demonstrated to be of crucial importance in the determina- 
tion of the peculiarities of HTCS. As a partial list of examples, microwave 
measurements of the low-temperature variation of the superfluid fractional 

r x{o) 1 ^ 

density, expressed as Xs{T) = , have shown a clear nonactivated 

behavior in YBCO |621 163j . thus giving strong evidence for an anisotropic 
superconducting gap, with lines of nodes. In particular, a linear decrease 
with temperature was found in clean crystals j(i2| . demonstrating the 
existence of zero-energy excitations at low temperatures. Moreover, it was 
shown by microwave spectroscopy of the real part of the response in YBCO 
that the quasiparticle relaxation rate l/r^p decreased, with respect to 
its value above Tc, by up to two orders of magnitudes. Short relaxation 
rates below Tc were confirmed in YBCO films by millimeter-wave interfer- 
ometry jHS], in YBCO crystals by surface resistance measurements [SEI, and 
in YBCO films by far-infrared measurements [HT]. Crystals consistently pre- 
sented 1 / Tgp at low temperatures up to two order of magnitudes smaller than 
in the normal state |i64i i66j . Similar drops were found in some films (65j , 
while other films presented a difference in 1/ Tgp of only a factor of two [HZI • 
All the above mentioned mechanisms present novel features in the re- 
cently discovered metallic superconductor MgB2. The well-established, 
albeit sensitive to interband scattering, two-gap nature of this compound 
[HnilZnil^ is expected to strongly affect the intrinsic properties, and specif- 
ically to the present study, the vortex viscosity and the superfiuid density. 
Microwave measurements |721 1731 171] in zero dc magnetic field showed pecu- 
liar temperature dependences of the surface impedance, due to the existence 
of the double gap. Measurements of the magnetic-field-dependent microwave 
surface impedance IZE] at a single frequency presented very puzzling data 
for the vortex parameters, in particular strong field dependence of the vor- 
tex viscosity (or, using the Bardeen-Stephen model, for the upper critical 
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field itself). These findings have their counterpart in other experimental 
and theoretical results: the London penetration depth was found theoreti- 
cally to strongly depend on impurity level [77j, thus giving an explanation 
for the large range of reported values. //SR spectroscopy data required for 
their satisfactory explanation that the application of a magnetic field in- 
duces a strong increase in the penetration depth at low fields [ZHI) or at 
least that two different characteristic lengths were involved. Moreover, 
it was theoretically shown j80) that the structure of vortices is very different 
in two-gap, with respect to single-gap, superconductors. To our knowledge, 
there are no exhaustive theories at present for what concerns the dynamics 
of vortices in multigap superconductors. There are however several exper- 
imental indications that a sufficiently strong magnetic field (of order 1 T) 
can quench the two-gap nature of MgB2: scanning tunnel [HJ and point- 
contact jS2] spectroscopies showed that the superconductivity coming from 
the TT band is strongly suppressed with the application of an external field 
~0.5 T. Neutron spectroscopy j83^ brought evidence for a transformation of 
the vortex lattice at a similar field. 

From all the above considerations it appears that, for different reasons, 
the microwave vortex state properties in YBCO (and, in general, in rare 
earth substituted materials RE-BCO) and MgB2 are not yet unanimously 
understood. Aim of this study is to present microwave measurements at dif- 
ferent frequencies and in wide magnetic field ranges, in order to identify the 
main fundamental mechanisms acting on the complex response. A related 
interest is to determine whether simple vortex motion models can be safely 
applied, possibly confining the complexity in some lumped parameter, or 
different approaches are needed. 

This Chapter is organized as follows: Sec ll.2l presents an overview of 
the mean-field theory for vortex motion and two-fluid complex response, 
with some extension due to the peculiar electronic structure of the super- 
conductors under study. Sec ll.3l presents the main properties of the samples 
under study, the electromagnetic response in thin films, and some detail on 
the resonant cavity and the Corbino disk employed for the measurements. 
Sec il.41 presents and discusses the results in YBCO, MgB2 and SmBCO. 
Conclusions are drawn in Sec ll.51 

1.2 THEORETICAL BACKGROUND 

Considering an electromagnetic field incident on a flat interface between a 
generic medium and a bulk, thick (with respect to the penetration depth and 
skin depth) (super)conductor, the response to the field is given by the surface 
impedance Zs [H^. Zg equals the ratio between the tangential components 

Ell 

of the alternating electric and magnetic fields, Zg = jr-- This expression 
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can be easily cast in the form Zg = iufi^X, being A an appropriate complex 
screening length. In the normal state, the screening length A where 

5^ = 2p„//iow is the skin depth and p„ is the normal state resistivity. Deep 
in the superconducting state (T — > 0), the screening length is the London 
penetration depth A. The complex response can be also described by a 
complex resistivity p, related to the complex screening length A through the 
relation p = iujpoX^ (or equivalently to the surface impedance Zg through the 
relation Zg = \/iujpop). Thus, the response can be expressed formally either 
by the surface impedance, the complex resistivity, the complex conductivity, 
or the complex screening length. 

Many models have been developed and used for the frequency response 
in the vortex state, with various degrees of complexity [3^1 ESI EHl EZl 1551 
1891 19U1 191j . A very general expression for the surface impedance of a semi- 
infinite superconductor in the mixed state has been calculated ^HS;, and 
later extended IHESl El, by Coffey and Clem (CC) within the limit of 
validity of the two- fluid model (that is, in the local response limit). The 
result was expressed in terms of the combination of three complex screen- 
ing lengths, related to the different contributions to the overall e.m. re- 
sponse: the superfluid response, given by the temperature and field depen- 
dent London penetration depth X{T,B); the normal fluid skin depth, given 

1 /2 

by 6nf{T,B,io) = [2/^ioioanf{T,B)Y'' with anf the quasiparticle conduc- 
tivity; and the vortex response, given by the complex vortex penetration 
depth 6v{T,B,uj) = [2pj,{T, B ,uj)/ fiouj]^^"^ . The resulting expression for the 
surface impedance reads: 



Zs{T, B) = iLOfioX = iLOfiQ 



X^{T,B)-m6UB,T,o,) 



1/2 



i + 2iA2(r,B)/52 



nf 



'B,T,u;) 



(1-3) 



In terms of the complex microwave resistivity of the superconductor one 
writes p = pi + ip2 = iw/^o^^^ and, after some algebra, one gets: 



Pi 



P2 



l + 4{X/5nfy 



l + 4iX/6nfr 



ri(i?,r,c^) + 2( A ) r2{B,T,u;) 



r2(i?,r,c^)-2( A ) ri{B,T,Lo) 



(1.4) 



where ri = Re[py], r2 = Im[p^] + 2p„/ (^-^j and p^f = l/cfnf- 

Eas. H1.4|) contain in a selfconsistent way both the quasiparticle contri- 
bution (through A and 5nf) and the motion of vortices (through p^). The 
model is founded on the interaction between charge carriers and a system 
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of magnetic vortices moving under the influence of rf currents and pinning 
phenomena. Charge carriers are thought as bearing superconducting cur- 
rents, represented by a superfiuid characterized by the London penetration 
depth A which gives rise to an imaginary conductivity I/^qloX'^, and normal 
currents represented by anf- These equations should be considered as mas- 
ter equations, since the actual dependence of both pi and p2 as a function 
of temperature, magnetic field and frequency is dictated by the functional 
dependence of A, 6nf and with respect to the same parameters. In par- 
ticular, A and 6nf (through cr„j) may vary as a function of temperature 
and field in different ways depending, e.g., on the order parameter sym- 
metry. On the other hand, py may depend on temperature, magnetic field 
and frequency in several different ways, depending on the pinning strength, 
inter-vortices interactions and periodicity of the pinning potential. This will 
in general result in rather different dependencies for both the real and the 
imaginary part of the resistivity. 

In order to catch some general feature out of Eas. ()1.4() . we first consider 
the vortex motion contribution in the specific case of frequencies not too 
small, so that the long range order of the pinning potential becomes irrele- 
vant. This should be in general the case for microwave frequencies. In this 
case, one may use the specific expression of py obtained for periodic pinning 
potentials Pjl^: 

where e is a creep factor that ranges from e = (no flux creep) to e = 1 
(free vortex motion), and z/q is a characteristic frequency which, in absence 
of creep phenomena, corresponds to the depinning frequency Vp = Kp/2iT'q. 
It is worth to stress that, although Eas. H1.5() have been obtained within a 
specific assumption, similar behaviors as a function of frequency can be rea- 
sonably assumed even in more general cases: for vortices interacting with 
pinning centers, in fact, it is always possible to define a characteristic fre- 
quency z/Q which separates a low frequency regime, in which the vortices 
cannot follow the alternate Lorentz force acting on them, from a high fre- 
quency regime where vortices oscillate in-phase around their equilibrium 
positions even when strongly pinned. If the frequency is swept across fo, 
the observed Re [p^] increases from a low frequency value to the free flow 
value, while Im [p^] presents a maximum at vq. This is qualitatively the 
behavior predicted by Eas. H1.5() . 

In addition, if it is further verified that ooTqp <Cl, cr„j is real and does 



(1.5) 
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Figure 1.4: Exemplification of pi(i^), P2i'^) curves (frequency in a logarithmic 
scale) according to Eas. H1.6|) . Also shown, the role of the main parameters. 



not depend on frequency. One may write 2(A/5„j)^ = ly/vg^ with Vg = 
l/27r/xoCn/A^. With these substitutions Eqs. (|1.4j) can be explicitly rewritten 
as follows: 



1 



Pi 



P2 



1 + {ly/iys? 

1 



Pff ^ ■ ^ ' + — 



I 1 ~^ p f f ~ I 

(1.6) 

V 1 — e V u f e + (z//z/o)^ 



1 -e 



It is interesting to discuss some useful limits of Eqs. (|1.6|) . 

The conventional low temperature limit. At temperature low enough, so 
that creep phenomena are not relevant (e = and vq = Up) and the normal 
fluid conductivity can be neglected, one has a^f and i^s oo, so that 



1 



Pi 



Pff 



1 + {up/uy 



(1.7) 



P2 = PqujX +Pff-r, I I \2 



which are equivalent to the conventional Gittleman-Rosenblum expressions 
for the microwave resistivity in the mixed state, Eas. (|l.ljl . apart from the 
first term in the imaginary part, representing the zero- field imaginary con- 
ductivity. 

The two-fluid limit. As a second example, it is easily seen that for B ^ 
one has /?// = and Eqs. (|1.6|) reduce to the two-fluid conductivity, Eqs. (|1.2|) . 
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The high frequency limit: free flow. When the measuring frequency 
is much larger that the vortex characteristic frequency, i/ ^ i^o, Eq. (|1.6j) 
reduces to 



In this hmit vortices oscihate in phase making very short displacements from 
their equihbrium position. Despite the possibly finite pinning, as could be 
determined by, e.g., dc resistivity or magnetization, the vortex response 
coincides with the free flux flow. In this case the response depends on 
intrinsic physical quantities only: Ug, pjf and anf- The analysis of the data 
in this limit is more stringent, since only three parameters are involved (and, 
in addition, z/^ and (T„j are related one to each other). It should be noted 
that this limit might apply to various measurements at the high edge of the 
microwave spectrum. 

Up to now we have mainly considered the vortex motion. However, both 
superfluid and quasiparticle densities are affected by the magnetic field. In 
fully gapped superconductors, such as conventional superconductors, the 
quasiparticle density of states (DOS) at Fermi level is nonzero only within 
the vortex core. As a consequence, the total DOS is proportional to the area 
occupied by the cores and the field-dependent depletion of the superfluid 
fractional density is simply Axs (x ^ ^ B / 3^2 , where the coherence length 
^ gives the dimension of the vortex and R ~ y^WjB is the intervortex 
spacing, with $ the total magnetic flux through the sample. 

The situation is rather different in superconductors with lines of nodes 
in the gap. In this case, it has been shown that extended states outside 
of the vortex core have the most relevant weight [951 196j . However, such 
states have zero DOS only at the Fermi level, and any finite energy brings 
a variation of the quasiparticle fractional density. As an example, circu- 
lating supercurrents around vortices give rise to a Doppler shift [HZI IM] of 
the quasiparticle energy. This results in a depletion of the superfluid frac- 
tional density which is proportional to the spatial range of the circulating 
supercurrents, min{X,R} ~ R for fields not too low, and to the number 
of vortices ^ B/^. As a result, one has Ax^ ~ ^jBjBp^ where is a 
characteristic pair-breaking field, that can depend on the gap gradient at 
the nodes, on impurity scattering and temperature, but it can be assumed 
(as a first approximation) to be Bp\) cBc2 jHEl, with c ~ o(l). 




(1.8) 
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Thus, in general one can write: 

Xs{T, B) = Xso{T) - Axs{T, B) ^ Xso{T) 

where a depends on the symmetry of the gap and on impurities and 
in clean cases a = 1 or a = ^ in fully gapped superconductors and in 
superconductors with lines of nodes, respectively. More accurate treatments 

llUUj do not change the qualitative result of a significant reduction of 
the superfluid density with the application of a magnetic field. 

It is useful to plot some illustrative curve of the theoretical predictions, 
in order to elucidate the role of the different parameters. We will also make 
use of the limits above discussed. 

We present first schematic shapes of the curves and P2{i^) as ob- 

tained from the general expression, Eas. H1.6() . We stress that when plotting 
resistivity vs. frequency it is not necessary to assume any specific temper- 
ature or field dependence for the quantities appearing in the equations. As 
shown in Fig. (|1.4j) . the shape of the two curves pi(z^) and P2(j^) is affected in 
different ways by the various parameters (/O// , e and z^o determine the vortex 
motion, (T„j and Vs the properties of the quasiparticles). In particular, it is 
seen that even a rather simple model can give significantly different curves 
for pi(z^) and P2{^)- Since the variation range of the involved parameters is 
very wide^, it is evident that a wide measuring frequency range can prove 
especially useful in the interpretation of the data. 

In this Chapter we will report also data for the complex resistivity at a 
single frequency (resonant cavity technique) and as a function of the field, 
so that it is appropriate to present and discuss some theoretical curve at a 
fixed frequency. In order to plot the microwave resistivity vs. the magnetic 
field, it is necessary to make some additional hypotheses with respect to the 
frequency plots. In particular, it is necessary to assume the field dependence 
of the parameters defining the frequency dependence of the resistivity. In 
order to limit the number of the assumptions, we restrict ourselves to the 
case of sufficiently high frequency {v » z^o) so that the field variations of 
(and, to a larger extent, of e) become almost irrelevant. We also assume that 
the vortex viscosity r/ does not depend on field. For the quasiparticle and su- 
perfluid response, we assume that o"„/ = Xn{T, B)an and = Xq/xs{T, B), 
with Xn being the normal fractional density, related to Xs through the rela- 
tion Xn + Xs = 1. We momentarily neglect in this illustrative case possible 

^AU these parameters are expected to vary as a function of temperature and magnetic 
field. In particular, — > and the superconductor enters the normal state 

by increasing the field or temperature; for fields not too low, pff ~ _B; e ~ at low 
temperatures and e ^ 1 at higher T. Finally, the behavior of vo might be extremely 
dependent on the pinning characteristics of the specific sample. 



14 



E. Silva, N. Pompeo, S. Sarti, C. Amabile 




0.5 B / B 1 0.5 B/B 1 

c2 c2 



Figure 1.5: Reduced field dependence of the vortex state complex resistivity 
according to the CC model ,88,, Ea. H1.4() . for u/iyQ = 5. The curves for small 
(full symbols) and very small (open symbols) superfluid concentration are 
reported, and compared to the vortex motion contribution alone (Re[/J^,], 
Im[/Ji,] as in Eq. (|1.5j) . dashed lines). Parameters are reported in the text. 
Left panel, fully gapped superconductors. Right panel, superconductor with 
lines of nodes in the gap (see text). 



differences between the scattering times of quasiparticles and normal elec- 
trons. We plot the calculated curves at the fixed frequency u = 50 GHz as 
a function of the reduced applied magnetic field in two cases: fully gapped 
superconductor and superconductor with lines of nodes in the gap, in the 
left and right panels of Fig ll.51 respectively. Curves are plotted for different 
values of the zero field superfluid density Xgo (which is equivalent to differ- 
ent temperatures). We use typical values for high Tc superconductors, Aq = 
1000 A and cj„ = 10^ S-m.-\ We also fix uq = 10 GHz as reported for HTCS 
at low temperature |31J HSl I134j and e = 0, both independent on field. In 
both cases at relatively large superfluid concentration (xgQ = 0.1) the real 
part of the resistivity is substantially coincident with Re[/?^] at low fields {p^ 
is the resistivity due to the vortex motion, and it does not depend, by def- 
inition, on the superfluid density Xs)- This is due to the fact that with the 
values used for Aq and C7„, Ug ^ 50 GHz at low temperatures and fields, so 
that, as discussed previously, Eas. H1.6() reduce to the Gittleman-Rosenblum 
expression, Eq. (|l.lj) . However, this is no longer the case at very small su- 
perfluid density (i.e., at higher temperatures close to Tc or with strong pair 
breaking), Xso = 0.01, where neglecting the quasiparticle contribution re- 
sults in a rather large error. Interestingly, as reported in Fig ll.6| in the case 
of lines of nodes in the superconducting gap, at low fields the variation of the 
imaginary part of the resistivity is clearly found to increase as ~ even 
in presence of flux flow (linear in the applied field), while for fully gapped 
superconductors this increase turns out to be linear with B. Moreover, a 
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Figure 1.6: Plot of the field variation of the complex resistivity, at low 
reduced fields. Parameters as in Fig ll.51 with Xso = 0.01. Blue symbols, left 
scale: A/?i/p„ = [pi{B) — /7i(0)]/p„. Red symbols, right scale: A/92/pn = 
[p2{B) — P2(0)] / Pn- Dotted lines, vortex motion only. Crosses, fully gapped 
superconductor. Triangles, superconductor with lines of nodes in the gap. A 
sublinear field dependence is clear when the superconducting gap has lines 
of nodes. 



closer inspection of the pi{B) curve shows that a partial \^ dependence 
is also present in the real part of the resistivity, for superconductors with 
lines of nodes in the gap, at sufficiently low superfluid concentration. It is 
important to stress that the role of quasiparticles is relevant whenever I'g is 
not much larger than the measuring frequency v. Due to the parameters 
used, in the case above exemplified i^s is always much larger that ly (50 GHz) 
unless Xg — > 0, that is for T c^T^. (or B ~ -Bc2)- 

Before commenting experimental results concerning different supercon- 
ductors, we now briefly discuss which are the main possible differences be- 
tween the relatively simple scenario depicted up to now and the real world. 
First of all, we have neglected any creep phenomena for vortices (e = 0), 
which is unlikely to be correct at high temperatures. A non-vanishing e will 
strongly influence the low frequency {v < vq) resistivity. More important, 
since vq = Kp 12717] only for e = 0, an increasing e could introduce rather 
strong temperature and/or fleld dependencies in uq. In particular, since vq 
is expected to grow rather fast with increasing e, in a measurement at fixed 
frequency one might have v > uq sX low temperatures or fields and v < uq 
at higher temperatures or fields. This will result in unpredictable shapes for 
the curves p{H) or p{T), depending on the field/temperature variation of 

The second main hypothesis which is not necessarily verified concerns the 
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quasiparticle conductivity. Smaller values of z/^ can substantially change the 
quasiparticle contribution to the resistivity. As an example, quasiparticle 
relaxation rates shorter than the normal state values, as reported by several 
authors [M«£^£fi,) would tend to decrease substantially I's- One might have 
as a consequence large quasiparticle contributions even at low temperatures 
and fields. 

Finally, it must be noticed that Eas ll.51 for the vortex resistivity are 
obtained in the rather special case of periodic pinning potential. Moreover, 
they do not take into account the resistivity due to Josephson or Abrikosov- 
Josephson vortices, whose dynamics might be rather different with respect 
to standard vortices. The expression for the vortex resistivity might then 
be rather different, in the most general case. However, we will show in the 
following that most of the main features observed in the microwave data of 
several superconducting materials can be quantitatively explained using the 
theoretical expressions cited up to now. We will come back to specific points 
during the discussion of the data in Sec ll.4l 

1.3 EXPERIMENTAL SECTION 
1.3.1 Samples 

All measurements here presented were performed in thin, high-quality su- 
perconducting films. YBa2Cu307_5, SmBa2Cu307_^, and MgB2 were inves- 
tigated extensively. Samples were squares, of side I and thickness d. Sub- 
strates have been carefully chosen for microwave measurements. The crystal 
structure was investigated by X-ray Q — 20 diffraction. The c-axis orien- 
tation was assessed by measuring the full-width-half-maximum (FWHM) of 
the rocking curve of an appropriate peak. In-plane X-ray scan was mea- 
sured in samples Yl, Y2, Y3, Sml, Sm2, and Ml, showing excellent in-plane 
epitaxiality. Surface roughness was investigated by AFM over typical 1 fim 
X 1 fim area. All cuprates sample were nearly optimally doped or slightly 
overdoped. Tc and the resistivity above Tc, po, were estimated by electrical 
transport methods. Depending on the sample, we used dc or microwave 
resistivity. In this latter case Tc was estimated from the inflection point 
of the temperature-dependent real part of the microwave resistivity (this 
temperature is found to coincide with the temperature where the real and 
imaginary parts of the microwave fluctuational conductivity equal one to the 
other, which is an accurate evaluation of the mean-field critical temperature 
jlUlj ). and po from the measured real part pi in zero magnetic field. Typical 
±0.5 K uncertainties of these methods are inessential for the purposes of the 
present paper. Material parameters and appropriate references are reported 
in Table IlTI More details on sample preparation and characterization are 
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Material 
Sample no. 
Substrate 
Thickness (nm) 
Lateral dimension (mm) 



YBCO YBCO YBCO YBCO 

Yl Y2 Y3 Y4 

LaAlOa LaAlOa LaAlOs Ce02/YSZ 



SmBCO SmBCO MgB2 

Sml Sm2 Ml 

LaAlOs LaAlOs sapphii 

220 220 100 

10 10 5 

0.2° 0.2° N.A. 

3 3 N.A. 

87 87 36 

300 300 5 



Surface roughness (nm) 

Ta (K) 

PO (Mf2-cm) 

References 



e - 20 FWHM 



220 220 220 200 

10 10 10 10 

0.1° 0.1° 0.1° 0.2° 

2 2 2 N.A, 

89.5 89.5 90 88 

130 140 130 250 



ITMIIWI [Tt^lTMl ITB^ITMl ITBIl 



Table 1.1: Data for the structural and electrical characterization of the 
samples investigated, po = pi{WO K, 48 GHz) and Pdc(40 K) in RE-BCO 
and MgB2, respectively. N.A.: not available. 

reported in the References (see Table). 

1.3.2 Microwave response in thin films. 

Since in all the measured samples the thickness is of the order of, or smaller 
than, the commonly reported values for the penetration depth, it is appro- 
priate to shortly describe the electromagnetic response of an electromagnet- 
ically thin (super) conducting film. 

In the case of bulk samples, for which the sample thickness is much 
greater than the electromagnetic field penetration depth (of the order of 
min(A, (5„/)), the surface impedance is given by the usual expression already 

1 /2 

mentioned: Zg = {iLopop) ' . 

When the sample thickness d < min(A,5„/), the electromagnetic field is 
transmitted through the film and reaches the substrate and any supporting 
layer, usually a metallic backplate. The field is therefore determined by the 
interaction with both the underlying layers and the film of finite thickness. 
In this situation the simple expression for Zg no longer holds, being substi- 
tuted by an effective surface impedance Zs'^'^ which can be derived by means 
of standard impedance transformation relations jlU8j : 



where kg = hquj/Zs is the HTCS propagation constant and is the ef- 
fective surface impedance of the substrate. The full expression of Eq. (|l.l()|) 
can be significantly simplified when two main conditions are met: \Z^-^^\ ^ 
\Zs\, meaning that the substrate contribution can be neglected, and d <C 
min(A, 6), which is usually the case for epitaxially grown high Tc supercon- 
ductor films. In this case the so-called thin-film approximation |1()9| IllOj is 
obtained: 



Z^^f = Z, 



Zg + '^Z^J^ tan(/cs(i) 



(1.10) 




(1.11) 
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The applicability of this equation heavily depends on the (possibly temperature- 
dependent) properties of the substrate. Metallic |lllj and semiconducting 
jll2lllltJj substrates strongly affect Zg^^ and they impose the use of the full 
expression, Ea. (|l.lU|) . On the other hand dielectric substrates with back- 
ing metallic plate have often impedances high enough so that Ea. (|l.ll|l can 
safely be used^. 



1.3.3 Cavity measurements. 

The microwave response at high frequency was measured in RE-BCO by 
the end- wall cavity technique |118j at 48.2 GHz. The cylindrical cavity, of 
8.2 mm diameter, was inserted in a liquid/solid Nitrogen cryostat, so that 
temperatures in the range 60-150 K could be reached. Cryogenic waveguides 
were used in order to couple the one-port cavity to the external microwave 
source. The temperature of the entire cavity, including the sample, could be 
stabilized for hours within ±10 mK. A magnetic field H was applied along 
the c axis and supplied by a conventional electromagnet. The maximum 
attainable field in this setup was fj,oH <0.8 T. In the following, we will 
assume that inside the sample B ~ fiQH 

For the measurements, undercoupling of the cavity and the TEqh reso- 
nant mode were chosen. In this mode the currents flow along circular paths 
on the end-wall occupied by the sample, have zeroes at the center of the end 
walls and at the joints between the end walls and the body of the cavity, 
and maxima at half the radius of the end wall. This configuration allows 
to neglect the losses due to imperfect electric contact between the sample 
and the cavity; moreover, it makes possible the use of a mechanical stub to 
tune the cavity at the desired resonant frequency (in our case, in the range 
48.0 lb 0.5 GHz). The degenerate TM mode, strongly suppressed by electri- 
cal isolation between the end walls and the body of the cavity, was further 
shifted in frequency by appropriate mode traps. Fig ll.71 reports a sketch of 
the cavity setup and of the pattern of the currents on a typical 10 mm x 10 
mm sample. 

Measurements of the field and/or temperature induced changes of the 
quality factor Q and resonance frequency /o yielded changes in the effec- 
tive surface impedance through the well known expression AZg^-^ {H,T) = 

GA Qfjj j,^ — 2i/o [H, T) , where G is an appropriate geometrical factor 



^Noticeable exceptions are dielectrics with strong temperature dependent permittivity 
|11UII11^I115|[TTC] or with an accidentally unfavorable combination of thickness, permit- 
tivity and operating frequency I117| . 

*We note that demagnetization effects determine a penetration field much smaller than 
Hci in thin films [1191 . and field inhomogeneities inside the sample are expected (and also 
directly found |120p to be irrelevant in thin films for fields greater than a few mT in our 
temperature range. 
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Figure 1.7: Left: straight section of the resonant cavity. Right: current 
patterns on the square sample. 



jlU8j . Separate cahbration of the response of the cavity allowed for the 
determination of the absolute value of Rt^^ ■ In most of the measurements 
here reported, Q and /o were measured as a function of the magnetic field 
at various fixed temperatures in the range 60 K - Tc. Measurements were 
performed by sweeping the field from zero up to 0.8 T either after zero-field- 
cooling (ZFC) to the desired temperature, or by increasing the temperature 
after each field sweep. We did not observe hysteresis, apart a 10% effect at 
temperatures below 70 K in some of the samples. In some cases, to check 
the relevance of the hysteresis, full magnetic cycles were performed. Mea- 
surements here reported refer only to the cases where hysteresis is absent, 
or well below 10% of the total response. 

From the field induced change of Q and /o the field induced change of 
the effective surface impedance AZt^^ = Zt^^ [H,T) — Zt^^{0,T) could be 
obtained jl21j . Due to the small thickness of the films, one has Zs^^ = 
p/d = pi/d + ip2/d, where p is the complex resistivity. 

The main experimental errors are due to the following reasons: the ab- 
solute value of Zs'^'^ is affected by errors in the calibration of the cavity and 
in the evaluation of the geometrical factors 122^, I12,S| I124j . Additionally, 
p has an intrinsic uncertainty due to the evaluation of the film thickness 
(typically 10%). By contrast, calibration of the cavity does not affect the 
field variation of p at fixed temperature, and geometrical factors and film 
thickness give only a possible overall scale factor. All these sources of errors 
are strongly reduced (if not eliminated at all) when working with reduced 
complex resistivity changes, Ap/po = ^Pi/po + '^^P2/ Po-, with po = /o(100 
K) in YBCO and SmBCO. In the following the data will be reported in one 
of the mentioned formats. 

Finally, some useful features of the present setup should be stressed. 
First, the microwave currents and fields lie in the (a, h) planes, thus avoiding 
any c axis contribution to the measured response. Second, the dc magnetic 
field is perpendicular to the microwave currents (maximum Lorentz force 
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Figure 1.8: Left: straight section of the Corbino disk cell. Right: current 
patterns on the square sample. 



configuration). Third, the microwave currents essentially probe only an 
annular region of 4.1 mm mean diameter and ~ 2 mm width, centered on 
the sample. For the subsequent discussion, it is relevant that flux lines are 
not forced to cross the border of the sample: the oscillation induced by the 
microwave currents are limited to the annular region above mentioned. In 
particular, no edge effects are relevant in our configuration. 

1.3.4 Corbino disk measurements. 

The frequency dependence of the vortex-state microwave response was mea- 
sured in YBCO and MgB2 films. Measurements are obtained through a 
Corbino disk geometry [Slj: a swept frequency microwave radiation is gen- 
erated by a vector network analyzer (VNA) and guided to the sample under 
study through a coaxial cable. The sample, placed inside the cryomagnetic 
apparatus, shortcircuits the coaxial cable. A double spring is used to obtain 
a good electrical contact between the end cable connector and the sample. 
To further improve the contact, a thin annular indium foil is placed between 
the sample and the external part of the coaxial cable. Due to the limitations 
discussed below, data are reported for the frequency range 2-20 GHz, well 
inside the capabilities of the VNA (45 MHz-50 GHz) and of the cables (cut- 
off frequency 50 GHz). A magnetic field up to 10 T was applied along the c 
axis. The temperature ranges 70 K - 100 K and 5 K - 40 K were explored, in 
YBCO and MgB2, respectively. In Fig ll.8l we show a sketch of the Corbino 
disk cell and of the current pattern on the sample. 

In principle, a measurement of the complex reflection coefficient Tq at 
the sample surface directly yields the complex effective surface impedance 
Zef f of the sample by the standard relation 



ro 



Zl" + Zo 



where Zq is the impedance of the cable |108j . In our case, however, the 
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measured quantity is the reflection coeflicient at the instrument location 
Tm, which contains, besides the response of the sample, reflections and at- 
tenuation due to the cable line between the sample and the VNA. Due to 
the long line, necessary to place the VNA far from the stray fleld of the 
magnet, the contribution of the sample to the overall is rather small. 
Further, the response of the part of the line inside the cryostat depends on 
the temperature proflle across the cable, that varies in general during the 
measurement. Thus, full calibration of the cable and, consequently, direct 
measurements of absolute values of the impedance of the sample are not 
feasible. To overcome this problem, we developed a custom calibration pro- 
cedure, through which we could obtain the variations of the eff^ective surface 
impedance with the temperature or with the field, AZg^^ {i', H,T). The 
description of the calibration procedure is rather cumbersome, and it has 
been extensively described elsewhere |1251 1126j . Here we recall only the ma- 
jor hypotheses necessary to obtain the impedance data from the measured 
complex reflection coefficient. 

Reliable measurements of the temperature variations of the effective sur- 
face impedance, AZs"^-^ {ly, H,T) = Zt^^ {i',H,T) — Zs^-^ [i^, H,Tref), require 
(i) that the temperature variation of the complex reflection coefficient are 
not dominated by the change in the response of the cable, and (ii) that at 
least at sufficiently low temperature Fo(z^) ^ —1 (or, equivalently, Rt^^ , Xt^^ 
Zq) jl25j . In particular, variations of FC^^ mainly reflect on variations in 
the modulus of Fq, while variations of X^^^ have as a main effect a phase 
change of Fq. The accuracy and reliability of the measurement of ARt^^ 
and AXs^^ depend then on relative variations of modulus and phase of Fq 
with respect to corresponding variations (due to, e.g., the change of the 
cable characteristics) of F^, respectively. It turns out that for the measure- 
ments of Rt^^ the requirements are fulfllled in the temperature ranges 5 K 
- 40 K and 70 K - 100 K in MgB2 and YBCO, respectively. Unfortunately, 
the temperature variations of the phase signal due to the sample are of the 
same order of magnitude of the temperature variations of the phase due to 
the cable, so that a reliable measurement of Xg^^ is not feasible with this 
kind of measurement. No such problems arise at flxed temperature and with 
sweeping fleld: in this case, the response of the cable is almost exactly con- 
stant (we checked that the line has a very small magnetic response): field 
variations AZs"^^ {i^, H,Tq) = Zt^^ {v,H,Tq) — Zf-^-^(z^, 0, Tq) can be reliably 
obtained. 

These measurements can be converted to absolute values of Rt^^ and /or 
Xt^^ by assuming some known Rt'^-^{i') or Xt^^ {v) at some speciflc tem- 
perature or fleld. In general, one can take R^'^^ {v) ~ at sufflciently low 
temperatures and fields, while Xs^^ can be obtained from normal state mea- 
surements (at high enough temperatures or fields). 
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There are a few additional remark on the different behavior of the two 
materials investigated with the Corbino disk. First, the quality of the elec- 
trical contact between the coaxial connector and the film is much better in 
MgB2 than in YBCO. This results in reliable measurements in the ranges 2 - 
20 GHz and 5 - 20 Ghz in MgB2 and YBCO, respectively. Second, with the 
available magnetic field it was possible to reach the normal state in MgB2, so 
that absolute measurements of Rt'^^ and Xs'^'^ can be obtained by increasing 
the field above the upper critical field. In YBCO measurements were taken 
with field-cooling the sample (thus lowering the temperature), and only the 
real part of Zs^-^ could be obtained. Finally, even after the calibration pro- 
cedure, there still remain detectable oscillations in the frequency-sweeps. 
Those oscillations, together with uncertainties in geometrical factors, are 
eliminated by reporting the data normalized to the values measured above 

As for the cavity measurements, the thin film approximation holds jllOj 
and one has Zgff = p/d. Most important, like and more than in the cavity 
measurements, in the Corbino disk geometry there are no contributions at 
all from vortex entry or exit: the area probed by the microwave currents is 
a small circle, of radius ~2 mm, at the center of the sample, and currents 
flow along linear paths between the inner contact and the outer conductor, 
so that vortices are forced to oscillate along circular orbits. Again, no edge 
effects affect our measurements. 

1.4 RESULTS 

In this Section, we present and discuss the results obtained on the various 
superconducting materials under study. We present separately the results 
for the different materials. 

1.4.1 YBasCugOy 5 

YBa2Cu307_5 is a somewhat paradigmatic it will be shown in the 

following, the microwave properties in the vortex state follow quite closely 
the simple models summarized in Sec ll.21 allowing for a rather detailed 
discussion of the various dynamical regimes as a function of frequency, tem- 
perature and magnetic field. By means of combined wideband (5-20 GHz) 
and high-frequency (48 GHz) measurements we will show (a) that it exists a 
relatively wide temperature range below the critical temperature Tc in which 
the resistivity, while clearly lower than the normal state value, is at the same 
time independent on frequency, indicating that the effect of pinning (if any) 
is not relevant in this T range, (b) that vortex motion follows closely the 
predictions of the mean-field, Coffey-Clem theory, and (c) that approaching 
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Figure 1.9: Normalized real resistivity in YBCO vs. frequency at various 
temperatures and fioH = 8 T. A detectable frequency dependence only 
appears for T <85 K (red data curves). Temperature increases from bottom 
to top. 



the critical temperature the field dependence of the microwave resistivity 
points to a relevant role of the field-dependent superfluid depletion. We also 
obtain the temperature dependence of the vortex parameters rj and uq. 

We begin with the frequency dependence of the microwave real resistivity 
pi measured in sample Y3. In Fig |1.9l we report the frequency dependence 
of Pi/pq measured with the Corbino disk at various temperatures and at 
a fixed field poH= 8 T. As it can be seen, while pi is sensibly lower than 
po for T < 90 K, a frequency dependence is observed only below T = 85 
K< Tc. This is a first indication that in the superconducting state there is 
a region of the {H, T) phase diagram where the microwave response in the 
frequency region here investigated is independent (or very weakly depen- 
dent) on frequency. This finding restricts the range of physical phenomena 
that can give rise to the measured response. More insight can be gained by 
representing the data at fixed frequency as a function of the temperature, 
as depicted in Fig ll.lOl where we compare the normalized real resistivity 
at two fixed frequencies (6 and 20 GHz) as a function of temperature, for 
PqH = 2 T and 8 T. At each field the data at two different frequencies lie 
on a single curve in a temperature range extending from above to below Tc, 
while they are markedly different at lower temperatures, below an easily es- 
timated crossover temperature Tf(H). This abrupt change in the frequency 
dependence across Tf marks the boundary between two different dynamic 
regimes. 

The nature of these two regimes can be understood considering the inter- 
play of vortex and quasiparticle response: at low temperature flux motion 



24 



E. Silva, N. Pompeo, S. Sarti, C. Amabile 




Figure 1.10: Normalized real resistivity in YBCO vs. temperature at 6 
GHz (full symbols) and 20 GHz (open symbols) and fioH = 2 T (black 
symbols) and 8 T (red symbols). It is apparent that at each field there is no 
frequency dependence down to a typical temperature Tf < Tc, depicted by 
the arrows. The same feature is more evident in the inset, where the ratios 
/9i(6 GHz, T)/pi(20 GHz, ff, T) have a clear departure from 1 at Tf{H). 



contribution is dominant. Near the transition temperature Tc quasiparticles 
play a significant role in the electromagnetic response (see Fig. 11.5(1 . Very 
close and above Tc thermal fluctuations set in. In absence of disorder, all 
those mechanisms merge smoothly one into the other: in fact, the low tem- 
perature limit of the fluctuations-dominated dc resistivity coincides with the 
free flux flow jl27j . and a nearly frequency-independent pi results for both 
the fluctuation induced dissipation [121111231130111111112111131 and for flux 
(free) flow resistivity (as can be easily seen from Eqs. (|1.5j) . considering that 
the free flow limit corresponds to the case e = 1). 

This framework drastically changes in presence of disorder. In that case 
vortices are more or less pinned to defects, and the overall dc resistivity be- 
comes smaller than the free flow expression (viscous/plastic regime), even- 
tually reaching a zero value if the interactions are strong enough to com- 
pletely lock the flux lines (frozen regime). For what concerns the frequency 
response, the viscous/plastic as well as the frozen regime are characterized 
by a value of the creep factor e (see Eas. ljl.Sp ) lower than unity (zero in 
the frozen regime), thus resulting in a frequency dependent real resistiv- 
ity. In particular, Re[/9^] should grow from p^c to the free flow value pjj 
when the frequency increases across the dep inning frequency Up. This pin- 
ning frequency is estimated to be Up ~ 10 GHz PHHHIIT^ in YBCO, well 
within the frequency range here explored. As a result, the large frequency 
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Figure 1.11: Typical swept-frequency measurements at different fields and 
T = 70 K. A marked frequency dependence is observed, denoting the change 
of vortex response. Continuous curves are fits with Eq.ldSJ. 



dependence of our data below Tj is explained with the increased effect of 
disorder. We now turn to the analysis of the data deep in the strongly 
frequency-dependent regime, that is T < Tf. We report in Fig ll.lll tvpical 
frequency sweeps for the normalized real resistivity in sample Y3 at low 
temperature and at various magnetic fields. It is immediately apparent that 
Re[pi] increases as a function of frequency, eventually reaching a saturation 
value at high frequencies. This is exactly the behavior expected from mean- 
field theories of the vortex state at sufficiently low temperatures. Within 
this framework, the field variation of the real resistivity is entirely given 
by the vortex motion, so that we fitted the data with the first of Eq. p.5j) . 
using e, and pjf/pn = ^oB/rjpn as fitting parameters. As it can be seen 
(thick lines), good fits are obtained. Similar results are obtained at different 
temperatures and fields. It should be mentioned that at low fields, and/or 
at high enough temperatures, the experimental curves become nearly fea- 
tureless, and fitting is less reliable. We report here the vortex parameters 
obtained in the most reliable temperature and field ranges, that correspond 
to the region close to the frozen regime (e ~ 0, fo — ^p)- It is found that 
Up smoothly depends on temperature and magnetic field, as reported in 
Fig. H1.12|) . and decreases for both increasing field and temperature. 

The vortex viscosity, as obtained from swept frequency measurements in 
the low temperature region is reported in Fig. (|1.13() . It is remarkable that 
no significant magnetic field dependence is detected, thus indicating that 
the flux flow follows a magnetic- field linear dependence, pff ~ B. 

To gain more insight in the electromagnetic response at microwave fre- 
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Figure 1.12: Temperature dependence at various fields of tlie depinning 
frequency Up in the temperature region below Tf. It is seen that < 15 
GHz, at all fields and temperatures. 



quencies, we present now measurements of the complex resistivity obtained 
with the cavity resonator at a much higher frequency, u = a;/27r = 48 GHz, 
as a function of the applied magnetic field on YBCO samples from the same 
batch. Measurements span the temperature range 65 K — Tc, and the field is 
limited to 0.8 T. In Fig. H1.14|l we show typical field-sweeps of the variation 
of the complex resistivity at some significant temperature. It is seen that 
the real resistivity pi has an almost linear variation with the applied field, 
apart possibly the low field region, and that this linear dependence changes 
to a concave downward behavior approaching closely Tc. At the same time, 
the variation of the imaginary part Ap2 with the field is nearly absent at 
low temperatures, and is negative at higher temperatures, close to Tc- 

This behavior is easily recognized as an essentially free fiux flow, with 
a possibly significant contribution of the field-induced superfluid depletion 
at high temperatures. This is completely consistent with the results from 
Corbino disk measurements, if one considers that uq was found (at low 
temperature) below 15 GHz. As a consequence {v/vq)^ ^>1 and, follow- 
ing Ea. (|1.5|) . the vortex contribution reduces, as a first approximation, to 
the real fiux fiow term. Then, not too close to Tc, where the field dependence 
is essentially linear, pi ~ pff = ^qB/tj and p2 — 0, from which the vortex 
viscosity is readily obtained. Such data points are reported in Fief. (|1.13|) 
and compared to the Corbino disk results. The agreement is excellent: field 
sweeps and frequency sweeps give exactly the same vortex viscosity. 

At higher temperatures both the downward curvature of Api(H) and 
the pronounced, negative Ap2{H) can be accounted for by the field depen- 
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Figure 1.13: Temperature dependence of the vortex viscosity r] in YBCO, 
obtained from Corbino disk swept frequency method (open symbols and 
red fuh dots, fields depicted in the figure) and from field-sweeps, resonant 
cavity technique (blue full dots). All the sets of data coincide, indicating 
that the intrinsic viscosity is measured. Moreover, no significant magnetic 
field dependence is detected. 
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dence of the superfluid and quasiparticle concentration. As discussed in 
Sec J1.21 in this case one has to use the full expression of the vortex state 
resistivity, Eq. (|1.4jl . with the noticeable simplification that ~ pjf due 
to the high operating frequency. Fitting necessarily add other parameters: 
the zero field, temperature-dependent superfluid fraction Xso{T), the zero- 
temperature London penetration depth Aq, the exponent a and the factor 
c (See Ea. ()1.9() ). The upper critical field is not a different fitting parame- 
ter, assuming r] = ^oBc2/pn- We were not able to fit the pairs of curves 
Api{B), Ap2{B) with the exponent a=l typical of fully-gapped wavefunc- 
tion. Instead, by using a = ^ typical of a wavefunction with lines of nodes 
in the gap j461 1^., 96 , we obtained fits as reported in Fig. ljl.lSI) with the 
reasonable choice Ao= 160 nm, and c ~ 0.15 (we found c ~ 1 in a different 
sample, with the analysis of the real part only j42j ) . The resulting r] con- 
nects smoothly to the experimental data obtained at lower temperatures, 

and XsoiT) 



l-(^ 



While this is not a direct evidence for uncon- 



ventional superconducting gap, we note that by taking into account the 
possible existence of lines of nodes (and the consequent increased weakness 
of the superfluid stiffness), the vortex state microwave response is fully de- 
scribed in its temperature, frequency and field dependence from well below 
up to very close to Tc. It is interesting to notice that the small quasiparticle 
contribution observed (apart very close to Tc) is consistent with Tgp ~ 
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Figure 1.14: Typical magnetic field dependence of the variation of the com- 
plex resistivity in YBCO, measured at 48 GHz. Left panel, real resitivity. 
Right panel, imaginary resistivity. Note at high temperature the downward 
curvature in Api (H) , and the decrease of Ap2 (H) . 



(see Fig J1.5|) . Our results suggests then that in our YBCO films Tqp/rn o:^ 1, 
closer to the results of (67) rather than to those of In this case YBCO 
is a paradigmatic case, and the simplest to understand. We will see in 
the following that all the other materials below reported present additional 
physics, that prevent from a straightforward application of the CC model. 
Additional mechanisms are revealed by measurements of the microwave re- 
sponse. 

1.4.2 MgBa 

It is somehow expected that MgB2, due to its firmly established two-gap 
nature, can hardly be described by oversimplified models. In order to di- 
dactically describe the difficulties hidden in the analysis of the data in this 
two-gap compound, we first present in Fig. (|1.16j) the real resistivity as a 
function of the frequency at fixed temperature and various magnetic fields, 
in complete analogy with the data for YBCO reported in Fig. (|1.9j) . The 
reported data are qualitatively similar to those measured on YBCO, show- 
ing at each field a (real) resistivity increasing as a function of frequency, 
reaching a plateau value ppi at high frequencies. Moreover, it is shown that, 
rather surprisingly, the simple, single-gap CC model quantitatively fit the 
data. One might then be led to the conclusion that simple vortex motion, 
as given by Ea. ()1.5() . captures the physics involved in microwave response in 
MgB2. However, despite the quality of the fits, the behavior of the param- 
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Figure 1.15: Typical fits of the magnetic field dependence of the variation 
of the complex resistivity in YBCO, measured at 48 GHz, with the flow 
expression, Ea. (|1.8() . Continuous lines: superconductor with lines of nodes, 
dashed lines: fully gapped superconductor. 



eters is not easily understood within simple models for vortex motion: as 
an example, we report in Fig. H1.17|l the ratio ^qB / pff j^ that should coin- 
cide, in this oversimplified model, to the vortex viscosity ij. It is found that 
^qB / pf f jit depends very strongly on the applied field (as opposed to the 
behavior theoretically expected and experimentally found in YBCO), while 
its temperature dependence changes with the field, becoming less and less 
temperature dependent as the field increases. More puzzling results can 
be revealed by reporting the normalized complex resistivity as a function of 
magnetic field, at fixed temperature and different frequencies. In Fig. (|1.18() 
we report these data at T = 15 K, but similar results are obtained at all 
temperatures |134j . From this figure, it is immediately apparent that the 
straightforward application of a single-gap model, such as the CC model 
in its original formulation, leads to considerable contradictions. First of 
all, should one identify the initial, S-linear part of pi at the highest fre- 
quency with the flux flow resistivity pff, in analogy with the field-sweeps in 
YBCO, the resulting Hc2 as obtained from the linear extrapolation depicted 
in Fig. (|1.18j) would be a factor 1.5-2 lower than Hc2 independently measured 
on the same sample by dc resistivity jl35j . Second, at low fields and high 
frequency there is a steep increase in p2 (H) , up to a smoothly temperature- 
dependent field Hi, as reported in Fig |1.2Ul Taking the vortex motion as the 
only source of response, this is possible only with the assumption that uq 
15 GHz, and strongly field-dependent. However, if this were true, one should 
observe a large variation (as a function of frequency) of pi{H) in the same 
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Figure 1.16: Frequency dependence of pi in MgB2, at T = 10 K and different 
magnetic fields (analogous to Fig |1.9|) . Remarkably, a blind fit with Ea. H1.5() 
gives good agreement (thick continuous lines) . However the resulting param- 
eters exhibit very contradictory field and temperature dependences, see text 
and Figimi 



field and frequency ranges. There is no indication of such a strong difference 
between the experimental curves pi{H) measured at different frequencies for 
> 10 GHz, indicating that typical vortex frequencies are not placed in this 
range. The steep increase of the imaginary response, followed by the more 
gradual decrease, is then more likely ascribed to an unconventional increase 
of the screening length, as it could be given by the fast suppression of the 
superfluid fraction in the weak vr band |136j . We finally note that, above 
a crossover field P2 is nearly independent on frequency: there are at 
present no indications on the possible origins for this feature, so that in the 
following we confine the discussion to fields H < H2. 

We can thus conclude that swept-frequency measurements reveal a clearly 
richer physics of the vortex-state in MgB2 than, e.g., in YBCO. Accordingly, 
the interpretation of the data must be based on more complex models. 

In this perspective, it is interesting to compare the measured behav- 
iors of pi{H) and P2{H) with the predictions of the model that takes into 
account both vortices and quasiparticles, Eqs. (|l.(i|) and Fig il.51 left panel 
(we assume that, according to literature, MgB2 is an s-wave superconduc- 
tor piT7l| ). By comparing the measured data with the predicted curves, it is 
clear that the motion of vortices cannot take into account the whole observed 
high frequency behavior. Indeed, a rather large quasiparticle contribution 
(curves with small Xsq) is needed to obtain behaviors similar to those ob- 
served: it is seen from Fig ll.5[ left panel, that (at high frequency: in Fig ll.5l 
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Figure 1.17: Field and temperature dependence of the ratio ^qB / pj fjn as 
obtained from the MgB2 data fitted through Ea. H1.5|) . This ratio should 
equals ij. It is readily seen that both temperature and magnetic field depen- 
dences present very exotic behavior. 



it is assumed i' ^ z^o) Pi{H) should increase approximately linearly with 
field while P2{H) should be more or less constant at low fields and then de- 
crease approaching the upper critical field. Apart from the low field region 
{H < Hi), this behavior is rather similar to the measured one. We can then 
conclude that, provided a large quasiparticle contribution is taken into ac- 
count, the behaviors observed could possibly be described in terms of rather 
simple one-band models for H > Hi. This result is fully consistent with 
spectroscopic measurements |^ |^ which show that the superfluid density 
of the vr band decreases strongly with the magnetic field, nearly vanishing 
at a characteristic field H*: the microwave response in the vortex state at 
low fields, where both gaps play a role, cannot be described by a singe gap 
model, while the higher field data can be nicely described by that model. 
This picture is reinforced by noting that both the temperature dependence 
and the numerical values of Hi agree very well with those reported for H* 

im El ESI USE]- 

We now show that the microwave resistivity above Hi (T) quantitatively 
coincides with a model for a single-band superconductor, Eqs. (|l.(i)) . if the 
conductivity of the tt band is taken as purely real. 

We make some rather crude approximations in order to reduce the num- 
ber of fitting parameters. First of all, we assume that above Hi the residual 
TT— band contribution to the superfluid can be neglected, so that the super- 
fluid fraction Xs{T,B) is related to the superfluid fraction of the a band 
only, Xs,a{T,B) = Ns^a/^a (that is, the superfluid volume density divided 
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Figure 1.18: Field dependence of the complex resistivity at fixed frequencies 
V =2, 5, 9, 12, 15, 18 GHz (frequency increases from the bottom curve to the 
top one) and T = 15 K in MgB2. Main panel: pi/ po- The intersection of the 
dashed lines indicates the upper critical field as it would result from a naive 
application of a vortex motion model. Inset: P2I Pq- Arrows indicate the 
field ii\ where the high-frequency imaginary resistivity reaches a maximum 
and the field where there is no more a clear frequency dependence in p2. 



by the total volume density of electrons in the a band) , through the relation 
Xs{T,B) = Kxs,aiT,B), with K = N„/{N^ + N^), being iV^ the volume 
density of electrons in the vr band. The penetration depth above Hi becomes 



For what concerns the normal fiuid resistivity pnf = l/dnf-, we assume 
that, since the a and vr bands interact very weakly with each other jl39j . 
above Hi one can write (T„/ ~ an,-K + [1 — Xs,a{T,By\an,<T- Using the in- 
dependently measured jlU71ll4U] . temperature dependent Hc2 anisotropy of 
our sample, the Gurevich model jl41j yields (Jn,(7/<^n,-K — 0.25. One then ob- 
tains, to a good approximation, Pnf/Pn = 1 in all the field and temperature 
region H > Hi{T), and the T and B variations of i^s(T, B) are then entirely 
determined by Xs{T,B) = Xso{T)(l — b), where the last equality comes 
from the single-gap- like behavior above Hi, b = B/Bc2{T) ~ H/Hc2{T) and 
Xsq{T) = Kxs,ct{B = 0, T) is the (extrapolated) zero field value^ of Xs- Once 
this general frame has been established, it is possible to extract from the 
data, by means of a selfconsistent procedure reported in the Appendix, the 
temperature dependent cr-band superfiuid fraction Xso{T), the temperature 

^We remark that Xso{T) is different from the value that is obtained through experiments 
that measure the superfluid density at _B = 0, being in that case x^'^°'"{B — 0,T) — 



then X^{T,B) = Ag 



/xsAT,B). 



XsAB = 0,T) + Xs,n{B = 0,T) 
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Figure 1.19: Full dots: temperature dependence of the zero-field cr— band 
superfluid fractional density obtained from the selfconsistent fitting proce- 
dure. Open symbols are calculations with the standard BCS relation |llj 
using gap values from |142j . 



dependent upper critical field Hc2(T), the vortex motion resistivity /O^(i^) 
and, consequently, the characteristic frequency vq. We now discuss those 
quantities. In Fig |1.19l we report the behavior of Xso{T), normalized to the 
lowest temperature value Xso{T = 5 K). We compare the T dependence of 
Xso = Kxs,a{B = 0,T), with Xs^a{B = 0, T) as obtained using the expres- 
sions of the BCS theory [TTj, and the values of the gap Aa-(T) measured 
by point contact spectroscopy |142j . The theoretical calculation and data 
points from our microwave measurements agree very well, giving a strong 
support to the consistency of the analysis here performed, and adding evi- 
dence that the temperature dependence of the zero-field superfluid fraction 
in the cr band follows a rather conventional behavior. 

Similarly, we obtain values of the upper critical field Hc2 (Fig. I1.2fl|l 
in nearly perfect agreement with values obtained independently from the 
dc measurements |136) . giving further confirmation on the reliability and 
consistency of the underlying model. We remark that this is a nontrivial 
result: previous analysis have never been able to describe the microwave 
data using the same parameters obtained from low frequency measurements. 
In particular, the upper critical field was found to be field dependent jl43j 
or anomalous field dependencies for the vortex viscosity were invoked |7(ij . 

Finally we report in Fig |1.2ll the vortex motion complex resistivity, iso- 
lated from the experimental data by means of the selfconsistent procedure. 
We remark that now those data are not flawed, as the raw data, by the pres- 
ence of the strong contribution of the vr band, or of the overall field depen- 
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Figure 1.20: H — T phase diagram in MgB2. Open circles: Hc2 from dc 
measurements. Full dots, Hc2 from the selfconsistent fitting procedure. Di- 
amonds, Hi. 



dence of the superfluid concentration (see the Appendix). We then fitted all 
the pairs of curves Re[pv]/ Pn{i^), ^^[Pv]/ Pni^^) to Eas. (|1.5() at all given tem- 
peratures and fields, using e and uq as fitting parameters {pff/pn = H/Hc2 
is determined by the value of Hc2 obtained previously). A typical fit for 
T = 15 K and pqH = 3 T is reported in Fig. (|1.21|) . We find, consistently 
with the indication given by the small frequency dependence of pi, that 
never exceeds 10 GHz, for any temperature and field. In addition, we find a 
rather strong field dependence of z^o ^-t different temperatures, as reported 
in Fig. (|1.22|) . This is an indication, in agreement with previous findings 
jl43j . of the collective nature of the pinning forces in this material. This 
conclusion is also supported by the low temperatures collapsing of all curves 



Summarizing, we have shown that multifrequency measurements are a 
key factor to elucidate the role of quasiparticle, superfluid and vortex motion 
in the overall transport properties of MgB2 in the vortex state. By suppress- 
ing the vr band contribution with a sufficiently strong magnetic field it has 
been possible to evaluate the a band superfluid density, the upper critical 
field and the characteristic vortex frequency. 



The case of SmBa2Cu307_5 (SmBCO) is somehow similar to the case of 
MgB2, in that an additional, strong contribution different from vortex mo- 
tion affects the complex resistivity. In this Subsection we report measure- 



uo{b), with b = B/Bc2{T). 



1.4.3 SmBasCugOr-^ 
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Figure 1.21: Contribution of the vortex motion to the overall field-dependent 
complex resistivity in MgB2, isolated as described in the text. Full dots, 
Re[pt,]; open circles, Im[^„]. Continuous lines are simultaneous fits by 
Eas. (0|) . 



ments of the complex resistivity for temperatures down to 65 K in moderate 
fields fioH <0.8 T and at the high operating frequency uj/2it = 48 GHz. 
Most of the measurements are thus taken below the irreversibility line of 
SmBCO [1441 1145] . Typical field sweeps for the variation of the complex 
resistivity at various sample temperatures are reported in Fig. H1.23|) . The 
data here reported are representative of the behavior observed in other Sm- 
BCO films measured under the same conditions and in similar temperature 
and field ranges. We list the most relevant experimental features that will 
determine the discussion of the data, and we specifically compare them to 
the behavior of the parent compound YBCO. 

At all temperatures, Api/pQ exhibits a pronounced downward curvature 
at low fields, followed by an approximately linear increase at higher fields. 
By contrast, A/92/po never shows a linear variation. Moreover, Ap2/po 
changes from positive to negative as the temperature increases, but with- 
out changing the curvature of the data. Those considerations can be put 
on more quantitative grounds by plotting the data as a function of VH, 
as reported in Fig |1.24l It is seen that Ap2/po is well approximated by 
a straight line, which corresponds to a ~ ^/H dependence, while upward 
curvature in Api/pn vs. ^/H indicates the presence of both a square root 
and a linear term in the H dependence. Summarizing, to the best of our 
experimental accuracy, the complex resistivity in SmBCO can be described 
by A(pi + ip2)/po - [ai{T) + m2{T)] ./JI^ + bi{T)poH. 

With respect to YBCO we then encounter two main differences: the field 
dependence, which has a strong sublinear component in the entire temper- 
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Figure 1.22: Reduced field dependence of tlie vortex cliaracteristic frequency 
uq in MgB2 at various temperatures. The reduced field b = B/Bc2- 



ature range explored, and the very relevant increase of the imaginary part 
in even moderate fields. In order to discuss the data, in analogy to the dis- 
cussion on the other materials here investigated, we first tentatively ascribe 
the observed behavior to the vortex motion alone. For the purpose of the 
discussion, it is sufficient to focus on the data at low enough temperature, 
that is below the irreversibility line, where creep can be neglected. We then 
consider for the preliminary discussion Eqs. (|1.7j) . In the conventional data 
analysis the superfluid density (or, which is the same, the London penetra- 
tion depth) does not change appreciably with the field, and pinning affects 
mostly the imaginary part of the response. One might then be tempted to 
assign the difference between YBCO and SmBCO simply to a much stronger, 
or different, pinning in SmBCO. Making use of the vortex-motion-only ex- 
pressions, Eas. H1.7|) . one would directly calculate the pinning frequency from 
the data^ as: f™''^ = z^^^- Proceeding further within the same framework, 
once the tentative Vp has been calculated the viscosity follows immediately 
by calculating ^^Y+(ir/vj^' Eqs. (|1.7j) . However, within this framework 

we would obtain a field-dependent vortex viscosity, in particular ~ ^/B, at 
odds with the measured vortex viscosity in YBCO. The procedure is illus- 
trated in Fig ll.25| where the as-calculated vortex parameters are reported 
at one temperature. 

Then, it would appear that both the pinning mechanism (implicit in 
Up"'^'^) and the electronic state (implicit in the calculated vortex viscosity 

^This kind of analysis has been widely used in the past in various HTCS, as reviewed 
in ES- 
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Figure 1.23: Field dependence of the complex resistivity changes in SmBCO 
(sample Sm2) at two temperatures. Black symbols, T = 82 K. Red symbols, 
T = 71 K. A sublinear component is evident both in Api/po (full dots) and 
in Ap2/po (open circles). Note the large values and the sign change of 
^P2/po with increasing temperature. Api/po at 71 K has been scaled to 
avoid crowding. 



r/ ) are very different in SmBCO and YBCO. This conclusion does not 
appear very reasonable, due to the structural, electrical and superconducting 
similarities between the two compounds. In particular, while pinning may 
well be sample-dependent, the much different field behavior of the vortex 
viscosity put doubts on the correctness of the simple model used. 

We now propose a possible alternative explanation for our data. Since, 
as a first approximation, the vortex motion resistivity at low fields should be 
proportional to the number of flux lines, that is to the induction B ~ poH, 
we tentatively assume that only the linear part of our data is due to the 
vortex motion. In this case, we deduce from the data that there is almost 
no vortex motion contribution to the imaginary resistivity. This is exactly 
the behavior as exhibited by YBCO at the same frequency, that shows free 
flux flow at 48 GHz. 

We have now to identify the physical mechanism responsible for the 
^ ^/H part of the real and imaginary resistivity and its peculiar features (in 
particular, the change of sign of Ap2{H) with increasing temperature). As 
shown in Fig. Il.f)( right panel, the change of sign of Ap2{H) with increasing 
temperature is a signature of the field-dependent superfluid depletion, while 
the ~ ^/H dependence points to a specific electronic state, namely a super- 
conducting gap with lines of nodes. Thus, it is possible to compare theory 
and experiment. Making use of Eq. (|1.6|) . we can expand for low fields (small 
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Figure 1.24: Same data of Fig. (|1.23() . replotted vs. \fH. Left scale, Api/pQ. 
Right scale, A/92/po- Symbols as in Fig. (|1.23j) . It clearly appears that 



H/Hc2 — B/Bc2) and we obtain explicit expressions for the coefficients 
ai (T) and 02 (T) . Those expressions contain several temperature-dependent 
quantities, for which we believe it is appropriate to use the simplest pos- 
sible model: we take the superfluid fraction Xsq{T) = (l — t^), which is a 
recognized approximation in a very wide temperature range for HTCS |64j . 
and the pair breaking field Spj, oc Bc2 {T) , as theoretically suggested jHSl EHl , 
so that Bph = Bpho (l — i^), with t = T/T^. In order to gain qualitative 
information, we do not attempt to insert some temperature dependence in 
the quasiparticle scattering time r^p, that we use as a free parameter. As 
can be seen in Fig ll.2H| the fits reproduce the shape, height, width of the 
curve given by the experimental data, including the temperature of change 
of sign for 02. The resulting Tqp ~ 0.7 ps compares well to the highest 
values reported in YBCO, e.g., 0.2 ps at « 80 K as obtained from mi- 
crowave measurements crystals (HI] and to 0.5 ps at « 80 K as obtained 
from millimeter- wave interferometry in YBCO film [HHI- Even if the model 
can certainly be improved (e.g., by considering a temperature-dependent 
Tqp), the substantial agreement with the data led us to conclude that the 
microwave resistivity in the vortex state observed in our SmBCO samples 
is strongly affected by the field-induced superfluid depletion, and that the 
differences between different samples of YBCO and SmBCO are determined 
by mere quantitative differences in Tqp. 

Coming back to the fluxon dynamics, once the temperature dependence 
of the carrier conductivity has been assessed from the above described fit, 
one can extract the vortex viscosity in a wide temperature range^. The 



^At low temperature the slope 61 directly yields 77, but approaching Tc the quasiparticle 
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Figure 1.25: Left panel: complex resistivity changes at 74 K in sample Sml. 
Right panels: field dependence of the calculated vortex parameters Vp"'^'^ and 
^caic^ as they would result from the conventional framework for vortex-state 
complex resistivity. The calculated viscosity r]'^"-^^ presents a strong field 
dependence, at odds with models and with experimental data in YBCO. 



so-obtained data points for the vortex viscosity are reported in Fig |1.27l 
Both numerical values and temperature dependences compare favorably to 
similar data in YBCO (Fig. adding evidence that the vortex motion 

contribution has been correctly identified. 

1.4.4 General remarks 

As we have shown in this study, the physics of superconductors in the vor- 
tex state can take advantage from investigations at microwave frequencies. 
However, in order to assess with some confidence the various mechanisms 
responsible for the microwave response, it is necessary to combine tempera- 
ture, field and frequency dependent measurements. This is especially needed 
in the two-gap superconductor MgB2, where single frequency measurements 
are not able to assess the nature of the strong anomaly in the low-field re- 
sponse. 

By the combined measurements here reported, it has been shown that, in all 
cases here investigated, the correctly identified vortex motion contribution 
follows to a great accuracy the conventional models. In particular, the high 
frequency regime always coincides with conventional flux flow (above H* in 
MgB2): this is a remarkably noticeable point, since it implies that, in the 
fleld and temperature ranges studied, the dominant excitations inside the 



screening length comes into play and a correction is needed, see Ea. H1.4|l . 
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Figure 1.26: Plot of the coefficients ai{T) and ai(T). Continuous lines are 
simultaneous fits with the pair breaking expression described in the text. 
Details are reported in jl46j . 



vortex cores in the materials examined are conventional quasiparticle exci- 
tations, as indicated by the temperature dependence and field independence 
of the vortex viscosity. In order to emphasize this point, we plot in Fig. 
11.271 the vortex viscosity as measured by us in YBCO and SmBCO thin 
films and the depinning frequency obtained by us in YBCO films, together 
with data obtained in YBCO crystals by multifrequency cavity measure- 
ments |43j . It is immediately seen that the vortex viscosity has the same 
behavior in YBCO and SmBCO, films and crystals. Moreover, the data for 
different materials scale one onto the other with mere numerical factors of 
order unity, consistently with the viscosity given by the standard expression 
rj = <^qBc2/ Pn- Correctly, the depinning frequency in YBCO appears to be 
different in films and in crystals, indicating that defects in samples (or size 
effects) play a role. We especially emphasize this point, in comparison to 
earlier studies (see the early review in that reported the very anoma- 
lous sample independent depinning frequency and sample dependent vortex 
viscosity, quite the opposite of the expected behavior. 

In fact, a second important indication that emerges from our measure- 
ments is that it is in general not appropriate to neglect the field dependence 
of the superfiuid density and quasiparticle density of states in the materials 
under study: albeit coming from different physical origins, the superfiuid 
density results to be much weaker than in conventional superconductors 
upon the application of an external magnetic field. This latter feature seems 
to be governed by the (sample-dependent) quasiparticle scattering time in 
RE-BCO. In MgB2 the low fields behavior is only qualitatively understood, 
so that this material appears to be most interesting for future studies. In 
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Figure 1.27: Temperature dependence of the vortex viscosity r] obtained in 
this study in YBCO (data and symbols as in Fig |1.13|) and SmBCO films 
(green filled diamonds), compared to data obtained in crystals at 19.1 GHz 
(red squares, from |1S|)- The data in SmBCO have been multiphed by 2. 
All the data collapse on the same curve, indicating that the same electronic 
mechanisms take place in the vortex core. Inset: depinning frequency in 
YBCO films (sample Y3, same data and symbols as in Fig J1.12() compared 
to measurements at 19.1 GHz in single crystals (red squares, from |43j ) . 



particular, there is at present no consensus on a representation of the vortex 
dynamics when both gaps are effective, which is then a promising field for 
investigation. 



1.5 CONCLUSION 



We have extensively investigated the experimental microwave response of 
innovative superconductors (cuprates and MgB2) combining resonant and 
swept-frequency techniques. We have shown that this combination allows 
for the identification of the major differences between those superconductors 
and the conventional, metallic superconductors. The main difference resides 
in the weakness of the superfiuid density with respect to an applied magnetic 
field both in cuprates and MgB2, coming however from different physics. 
By contrast, the vortex motion contribution appears to be well described by 
conventional models (above H* in MgB2). 
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Appendix A: Selfconsistent fitting procedure in MgB2 

Here we describe the selfconsistent fitting procedure for the swept-frequency 

data in MgB2. We refer to the general expressions, Eas. ()1.4() . 

The values of Xso and Hc2 for each temperature can be obtained as follows. 

As a first step, we notice that, if ^ = 2 is known at any fixed 

temperature and field, ri{iy,B,T) and r2{i', B,T) can be obtained from the 
measured pi/pn and P2/ Pn by inverting Eas. H1.4|) . Although the frequency, 
temperature and field dependence of ri and r2 are not known a priori^ the 
high frequency limit of ri is known: at high enough frequency Ea. H1.5() 
gives Re[pv\/pn Pff/Pn = &, with b = B/Bc2{T) ~ H/Hc2{T), having 
assumed the validity of the Bardeen Stephen expression 13. for the flux flow 
resistivity. We then choose a given temperature Tq and calculate, for any 
value of a value of I'siB, T) using tentative values of Xso(7b) and Hc2{Tq) 
and Xs{H,To) = Xso{To){l — b). We then obtain for all fields ri{i^, B,Tq) 
inverting Eas. (|1.4|) and we check that they approach a constant value at 
high frequency. The values of Xso{To) and Hc2{Tq) are then changed until, 
for all fields, the high frequency value for ri is equal to 5 = H/Hc2{Tq). 
Thus, having assumed only the high frequency limit of ri, ri(i^) and r2(i^) 
at various fields and temperatures are obtained. Since g'^j^'^j^^) has already 
been selfconsistently determined at each temperature Tq, we can isolate the 
pure vortex motion complex resistivity Re[/9t,(i^)] and Im[p^(i/)] at various 
fields and temperatures. Those curves can then be fitted to Eq. (|1.5|) to get 
the vortex parameters. 
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